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ASTUDY  INTO  THE  EFFECTS  OF  ELECTRIC  FIELDS  AND  CURRENTS  ON 
THE  AGING  AND  QUENCH  HARDENING  OF  STEELS 


ABSTRACT 

Studies  were  conducted  on  the  efTects  of  an  internal  electric  current  and  an 
external  electric  field  on  the  mechanical  properties  of  metals  and  on  solid  state 
transformations  therein,  giving  attention  to  the  quench  aging  of  a  low-carbon 
steel  and  the  hardenability  of  a  tool  steel.  A  continuous  d.c.  current  of  ~  10^  A/cm^ 
increased  the  rate  of  quench  aging  at  80®C,  whereas  an  a.c.  current  of  the  same 
magnitude  and  a  firequency  of  50-100  Hz  dramatically  suppressed  the  aging.  An 
external  electric  field  of  -  14  kV/cm  retarded  the  quench  aging  by  altering  the 
nature  of  the  prcipitation  process.  Regarding  hardenability,  an  external  electric 
field  of  1  kV/cm  increased  the  hardenability  of  a  tool  steel  by  shifting  the  CT  curve 
to  longer  times.  It  was  further  established  during  the  present  studies  that  high 
density  d.c.  pulses  (jt  lO^  AJcrrfi  of  ~  100  ps  duration)  increased  the  plastic  strain 
rate  of  metals  by  orders  of  magnitude,  increased  fatigue  life  and  enhanced  the 
rates  of  recovery  and  recrystallization  but  retarded  grain  growth.  An  external 
electric  field  of  -  1  kV/cm  reduced  the  flow  stress  during  the  superplastic 
deformation  of  7475  Al,  retarded  grain  growth  and  significantly  reduced  the 
cavitation.  The  effects  of  the  electric  current  and  external  field  on  the  various 
phenomena  are  explained  in  terms  of  their  influence  on  the  mobility  of  point 
(vacancies  and  solute  atoms)  and  line  (dislocation)  crystal  defects. 

The  present  results  demonstrate  that  electric  currents  and  fields  offer  the 
possibility  of  either  enhancing  or  retarding  (and  even  suppressing  completely) 
various  phenomena,  thereby  providing  potential  for  improving  the  efficiency  of 
metal  processing  operations  and/or  the  properties  of  the  product. 
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A  STUDY  INTO  TECE  EFFECnS  OF  ELECTRIC  FIELDS  AND  CURRENTS  ON 
THE  AGING  AND  QUENCH  HARDENING  OF  STEELS 

INTRODUCTION 

During  the  prior  report  period  [1]  it  was  established  that  internal  electric 
currents  and  external  electric  fields  can  have  significant  effects  on  the 
mechanical  properties  of  metals  and  alloys  and  on  solid  state  transformations 
occurring  therein.  An  electric  current  pulse  of  -  10^  A/cm^  for  ~  100  ps  produced 
an  increase  in  the  plastic  strain  rate  of  the  order  of  10^  with  a  resulting  decrease 
in  the  flow  stress  of  5-40%.  This  direct  effect  of  the  drift  electron  flow  was  in 
addition  to  any  produced  by  such  side  effects  of  the  current  as  Joule  heating  or  the 
pinch  effect.  Continued  electric  current  pulses  of  similar  magnitude  and  time 
period  applied  at  a  rate  of  2  pulses  per  second  increased  the  fatigue  life  of 
polycrystalline  Gu  by  a  factor  of  -  2  and  enhanced  the  rates  of  recovery, 
recrystallization  and  retarded  grain  growth  in  a  number  of  metals  and  alloys  by 
factors  of  20,  2  and  10  respectively.  These  effects  of  current  pulsing  are  quite 
significant,  considering  that  the  current  was  "on"  only  0.02%  of  the  total  time. 

Regarding  the  application  of  an  external  electric  field  (where  the  specimen  is 
one  electrode  of  an  electrostatic  circuit),  it  was  discovered  that  a  held  of  -  1  kV/cm 
produced  the  following  effects  during  the  superplastic  deformation  of  the  7475  A1 
alloy;  (a)  reduced  the  flow  stress  by  10-20%,  (b)  increased  the  strain  rate 
hardening  exponent  slightly  and  (c)  significantly  reduced  the  cavitation 
throughout  the  thickness  of  the  1.6  —  1.8  mm  thick  sheet.  It  was  also  found  for  the 
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first  time  that  an  external  electric  field  of  2-8  kV/cm  retarded  the  recovery  and 
recrystallization  of  metals  and  alloys  and  the  quench  aging  of  a  low  carbon  steel 
and  significantly  increased  the  heirdenability  of  steels. 

The  above  results  indicated  that  external  electric  fields  and  internal  currents 
can  provide  electronic  parameters  or  forces  in  addition  to  the  external  parameters 
of  temperature  and  pressure  (or  stress)  which  are  normally  considered  in 
materials  behavior.  The  electric  fields  and  currents  may  thus  provide  beneficial 
effects  in  the  processing  of  metals  and  alloys.  The  objective  of  the  present  study 
was  therefore  to  further  investigate  and  evaluate  the  influence  of  electric  fields 
and  currents  on  the  behavior  of  metals  and  alloys,  giving  attention  to  the  quench 
aging  and  quench  hardening  of  steels.  This  was  deemed  highly  desirable,  since 
only  very  limited  work  on  this  general  subject  was  being  conducted  throughout 
the  world.  Some  technological  areas  where  the  effects  of  electric  fields  and 
currents  may  be  especially  important  are:  (a)  electromigration  in  microelectronic 
circuits,  (b)  power  generating,  transmission  and  switching  systems,  (c)  high 
energy  power  sources  including  electromagnetic  propulsion,  (d)  low  and  high 
temperature  superconducting  devices  and  (e)  working  and  processing  of  metals, 
intermetallic  compounds  and  ceramics. 

ACCOMPLISHMENTS  ON  PRESENT  GRANT 

The  work  carried  out  on  the  present  research  grant  (U.  S.  ARO 
DAAL03-89K-0015)  for  the  period  June  1,  1989  to  October  31,  1992)  is  a 
continuation  of  that  in  [1].  Its  objectives  are  to  further  investigate  and  evaluate 
the  effects  of  internal  electric  currents  and  external  electric  fields  on  the  behavior 
of  metals,  giving  attention  to  the  quench  aging  and  quench  hardenability  of  steels. 
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1.  INFLUENCE  OF  ELECTRIC  CURRENT 

1.1  Continuous  dLc.  and  a.c. 

1.1.1  Quench  Aging  of  a  Low»Carbon  Steel:  That  a  continuous  d.c.  or  a.c. 
current  density  of  sufficient  magnitude  (j  >  ~  10^  A/cm^)  can  influence  the  rate  of 
precipitation  in  metal  allo3^  has  been  reported  by  a  number  of  investigators  [2-8]. 
The  results  obtained  are  however  somewhat  contradictory.  Erdmann-Jesnitzer  et 
al  [2,3]  found  that  a  d.c.  current  of  -  10^  A/cm^  enhanced  the  rate  of  quench  aging 
of  Armco  iron  at  80*’C,  whereas  a  50  Hz  a.c.  current  of  the  same  magnitude 
completely  suppressed  the  aging.  Somewhat  similar  behavior  was  observed  by 
Koppenaal  and  Simcoe  [4]  for  the  aging  of  an  Al— 4  wt.%  Cu  alloy  at  75°C  in  that  a 
d.c.  current  enhanced  the  rate  of  precipitation,  whereas  a  25  Hz  a.c.  retarded  it. 
No  effect  occurred  for  a  100  Hz  a.c.  current.  In  contrast,  Shine  and  Herd  [5]  and 
Onodera  et  al  [6]  found  that  a  d.c.  current  retarded  the  rate  of  precipitation  in  an 
Al— 4  wt.%  Cu  alloy.  Similar  behavior  was  also  noted  for  an  Al-12  wt.%  Zn  alloy 
[7].  In  the  case  of  a.c.  current,  Onodera  and  Hirono  [8]  reported  that  it  retarded 
the  aging  of  the  Al-12  wt.%  Zn  alloy  at  30®C;  the  retarding  effect  decreased  with 
increase  in  frequency  in  the  range  of  25  to  200  Hz.  A  slight  increase  in  the  rate  of 
precipitation  however  occurred  at  3000  Hz. 

The  retarding  effect  of  the  d.c.  current  was  attributed  by  Onodera  et  al  [6-8] 
to  its  enhancement  of  the  migration  of  vacancies  to  grain  boundaries,  thereby 
reducing  the  number  available  for  the  diffusion  of  the  solute  atoms  to  form  the 
precipitate.  However,  this  model  was  imable  to  account  for  the  frequency  effect  of 
the  a.c.  current. 

Since  an  electric  current  can  either  enhance  or  retarding  the  aging  process 
in  alloys,  this  offers  potential  for  exerting  control  of  such  phenomena  during 
processing  of  an  alloy.  For  example,  an  enhanced  aging  rate  might  be  desired  for 
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increasing  the  efficiency  of  the  process,  whereas  a  retardation  or  suppression 
would  be  desirable  in  the  processing  of  non-equilibrium  structures.  It  thus 
seemed  highly  desirable  to  investigate  this  phenomenon  further,  especially  since 
to-date  only  limited  work  has  been  conducted  on  this  subject  and  the  results 
appear  contradictory.  This  then  provided  the  objective  for  the  present 
investigation. 

The  quench  aging  of  a  low-carbon  steel  was  chosen  for  study,  because 
Erdmann-Jesnitzer  and  coworkers  [2,3]  had  reported  that  at  80°C  a  d.c.  current 
enhanced  the  rate  of  precipitation  of  carbon  from  solid  solution  and  that  an  a.c. 
current  of  50  Hz  completely  suppressed  it  as  determined  by  resistivity 
measurements.  Hardness  measurements  were  however  employed  here  to  follow 
the  aging  process,  in  contrast  to  resistivity  measurements  which  had  been 
employed  in  all  of  the  other  studies  on  the  effects  of  an  electric  cvirrent  on  aging 
[2-8].  For  the  quench  aging  of  iron-carbon  alloys,  resistivity  provides  a  measure 
of  the  amount  of  C  remaining  in  solid  solution  (or  in  turn  the  amount  that  has 
precipitated)  [9],  whereas  the  hardness  reflects  the  nature,  size,  shape  and 
distribution  of  the  precipitated  particles  [10,11].  The  steel  chosen  for  the  present 
tests  is  similar  in  composition  to  that  in  [2,3];  therefore  the  two  types  of 
measurement  should  complement  each  other.  Details  regarding  the  present 
study  are  in  process  of  being  written  for  publication  [12];  a  summary  of  the  more 
significant  findings  will  be  presented  here. 

The  material  employed  in  the  present  tests  was  a  low-carbon  steel  sheet  (50 
|im  thick)  of  the  following  composition  in  wt.%; 

£  Si  Mu  £  £  Sol^  H 

0.04  0.02  0.16  0.11  0.018  0.022  0.0024 

Test  specimens  (2  mm  wide  x  40-50  mm  long)  were  cut  from  the  sheet  in  the 
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rolling  direction,  solutionized  for  1  hr  at  729®C,  quenched  in  ice  water  and  then 
aged  for  various  times  at  80®C  with  the  following  three  conditions:  (a)  no  current, 
(b)  d.c.  current  of  10^  A/cm^  and  (c)  a.c.  current  of  10^  A/cm2  with  frequency  in  the 
range  of  25-1000  Hz.  For  the  specimens  aged  with  either  the  d.c.  or  a.c.  current, 
the  furnace  temperature  was  adjusted  to  account  for  the  Joule  heating  of  2-3®C. 

Typical  aging  curves  are  shown  in  Fig.  1.  The  behavior  without  current 
exhibits  two  aging  peaks  similar  to  what  was  reported  in  [13].  The  first  peak  is 
considered  to  reflect  precipitation  of  FeieC2  and  the  second  precipitation  of  FesC, 
based  on  the  TEM  observations  of  Leslie  [10]  and  Keh  and  Leslie  [11].  To  be  noted 
in  Fig.  1  is  that  the  d.c.  current  has  four  effects  on  the  aging  curve:  (a)  the 
general  level  of  the  hardness  is  lowered,  (b)  the  time  to  reach  the  first  peak  is 
reduced,  i.e.  the  aging  rate  is  increased,  (c)  the  first  peak  is  considerably 
broadened  and  (d)  the  second  peak  is  not  distinct.  The  aging  curve  for  the  a.c. 
current  of  100  Hz  has  a  form  similar  to  that  for  no  current.  However,  for  this 
frequency  the  overall  level  of  the  aging  curve  is  significantly  reduced.  Moreover, 
the  second  peak  appears  to  occur  at  a  later  time. 

The  form  of  the  aging  curves  for  the  other  a.c.  frequencies  was  similar  to 
that  at  300  Hz;  however,  the  general  level  of  the  curve  depended  on  the  frequency. 
This  is  illustrated  in  Fig.  2,  which  gives  the  maximum  hardness  (presumably 
representing  the  first  peak)  as  a  function  of  the  frequency  of  the  a.c.  current.  A 
sharp  decrease  in  the  maximum  hardness  occurs  at  a  frequency  in  the  range  of 
50-100  Hz,  indicating  a  significant  suppression  of  the  aging  process  in  this 
frequency  range.  A  similar  effect  of  frequency  on  hardness  also  occurred  for  the 
second  aging  peak.  These  effects  of  d.c.  and  a.c.  current  on  the  aging  determined 
by  hardness  measurements  are  in  qualitative  accord  with  the  resistivity 
measurements  of  Erdmann-Jesnitzer  et  al  [2,3]. 
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Of  interest  is  the  mechaiusm(s)  by  which  the  d.c.  and  a.c.  currents  affect  the 
aging  process.  It  is  well  established  that  resistivity  measurements  of  the  aging  of 
a  low  carbon  steel  give  directly  the  removal  of  C  atoms  from  solid  solution, 
whereas  hardness  measurements  reflect  the  type,  number,  size,  shape  and 
distribution  of  the  precipitate  particles  [9—11].  However,  for  the  quench  aging  of  a 
low-carbon  steel,  the  time  at  which  the  maximum  rate  of  decrease  in  resistivity 
occurs  is  the  same  as  that  at  which  the  maximum  rate  of  increase  in  hardness 
exists  [9,11],  thereby  providing  a  means  for  comparing  the  resoilts  from  the  two 
types  of  tests.  Considering  the  time  at  which  the  maximum  rate  of  change  in 
each  measured  property  occurs,  we  find  that  the  d.c  current  reduced  this  time  by 
a  factor  of  ~  2  in  both  the  present  hardness  tests  (Fig.  1)  and  in  the  resistivity 
measurements  in  [2,3]. 

One  possibility  for  the  increased  rate  of  aging  by  the  d.c.  ciurent  is  through 
an  increase  in  the  C-atom  diffusion  flux  by  electromigration.  The  total  C-atom 
flux  Jc  is  then  given  by 


~  kT  ax  kT  ^ 


where  D<.  =  Dq  c  exp  -  AKg/kT  is  the  C-atom  diffusion  coefficient,  c  the  carbon 
concentration  in  solution  (number  per  unit  volume),  a|i(/ax  the  carbon  chemical 
potential  gradient,  Z*e  the  electronic  charge  on  the  C-atom  in  solution  and  E  =  p j 
the  electric  field  in  the  specimen  with  resistivity  p  and  current  density  j.  The  first 
term  on  the  right  hand  side  of  Eqn.  1  is  the  flux  without  current  and  the  second 
that  due  to  the  current.  If  we  assume  that  the  rate  of  precipitation  at  a  given  time 
is  proportional  to  the  C-atom  diffusion  flux,  we  obtain  by  dividing  Eqn.  1  by  the 
first  term 
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(2) 


^  1  .  Z*eE 

\  dji/dx 

where  t2  is  the  time  for  the  passage  of  a  given  number  of  C  atoms  without  current 
and  ti  is  that  with  the  cxirrent.  By  taking  t2/ti  =  2,  Z*  =  4  [14],  p  =  17  pQ-cm 
(measured  for  the  present  low  carbon  steel)  and  j  =  10^  A/cafi,  we  obtain  for  the 
chemical  potential  gradient  B[L/dx  -  6.8  x  10“^  eV/cm.  The  spacing  between  the 
precipitates  at  maximum  rate  of  hardness  increase  during  the  quench  aging  of 
rimmed  steel  at  60°C  was  500  A  [11].  Assuming  a  spacing  of  similar  magnitude 
for  aging  at  80®C,  Eqn.  2  gives  Ap  »  3.5  x  lO'”^  eV  for  the  difference  in  chemical 
potential  between  the  C  in  solution  and  the  precipitate,  which  is  here  presumed  to 
be  FeieC2-  This  value  of  Ap  indicates  that  the  d.c.  current  has  an  influence  on  the 
precipitation  of  C  during  the  quench  aging  considerably  greater  than  expected 
from  electromigration  alone.  This  was  also  indicated  in  the  results  by  Onodera 
and  coworkers  [6-8]  for  precipitation  in  A1  alloys. 

The  decrease  in  the  peak  hardness  which  occurred  with  the  d.c.  current 
suggests  that  the  current  had  an  effect  on  the  spacing  of  the  precipitate  particles, 
i.e.  on  the  number  of  nucleation  sites.  Thus,  although  the  current  increased  the 
growth  rate  of  the  peuiicles,  it  also  gave  a  decrease  in  the  number  of  nuclei.  One 
way  the  current  might  affect  the  number  of  nuclei  is  through  an  influence  on 
vacancy  migration,  since  the  nucleation  sites  for  C  precipitation  in  a-iron  are 
considered  to  be  single  or  small  clusters  of  vacancies  [10,11]. 

Let  us  now  consider  the  effect  of  a.c.  frequency  on  the  C  precipitation 
process.  Of  immediate  interest  is  a  comparison  of  the  mean  jump  frequency  of 
C  atoms  in  a-iron  at  S0°C  with  the  observed  critical  a.c.  frequency  at  which  the 
maximum  suppression  of  aging  occurs  (50-100  Hz).  The  values  of  derived 
from  data  taken  from  the  literature  (Table  1)  for  the  diffusion  of  C  atoms  in  a-iron 
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are  given  in  Table  2.  The  listed  values  of  are  of  similar  magnitude  as  Vc, 
tending  however  to  be  somewhat  larger.  The  difference  however  lies  within  the 
accuracy  of  the  measurements  of  the  diffusion  coefficient.  This  then  suggests 
that  the  effect  of  a.c.  current  on  the  aging  process  is  through  its  effect  on  the 
diffusion  of  carbon.  However,  since  the  times  for  the  first  and  second  hardness 
peaks  were  not  significantly  influenced  by  the  a.c.  frequency  in  the  range  of  25  - 
1000  Hz,  it  appears  that  the  effect  of  the  a.c.  current  was  more  on  the  nucleation  or 
growth  processes  per  se  than  on  the  diffusion  of  C  in  the  a-iron.  Hence,  the 
suppression  of  the  precipitation  process  could  have  resulted  from  either  a 
difficulty  in  nucleation  or  a  difficulty  in  growth  of  the  precipitate  particles. 

Since  the  hardness  decreased  significantly  at  a  critical  a.c.  frequency,  the 
effect  of  the  frequency  of  a.c.  could  be  on  the  nucleation  process,  which  is 
presumed  to  occur  on  single  or  small  clusters  of  vacancies  [10,11].  It  is  therefore 
also  desirable  to  compare  the  jump  frequency  of  vacancies  in  a-iron  with  the 
critical  frequency  for  maximum  suppression  of  the  aging  process,  as  well  as  the 
jump  frequency  of  C  atoms.  However,  only  limited  data  are  available  for  the 
migration  of  vacancies  in  a-iron  (see  Table  1)  making  the  comparison  difficult.  By 
taking  =  1  cm^  s“^  and  assximing  that  the  jiunp  frequency  is  equal  to  the 
critical  a.c.  frequency  for  maximum  suppression  of  the  aging  process  (-  100  Hz), 
one  obtains  for  the  activation  energy  for  vacancy  migration  in  a-iron  AHm'^  =  23.5 
kcal/mole,  which  is  in  reasonable  accord  with  the  values  given  in  the  literature 
(15.7-28.6  kcal/mole  [15,16]),  Table  2.  Thus,  the  suppression  of  the  aging  process 
by  the  a.c.  current  could  be  due  to  its  influence  on  the  migration  of  vacancies  (as 
related  to  their  acting  as  nucleation  sites),  rather  than  to  its  influence  on  the 
diffusion  of  C  in  the  a-iron  matrix.  The  reason  an  optimum  effect  would  occur 


8 


when  the  frequency  of  the  a.c.  current  just  matches  the  jump  frequency  of  the 
vacancies  is  however  not  clear. 

There  also  remains  the  question  regarding  the  delay  in  the  time  for  the 
second  hardness  peak  (which  is  presumed  to  be  due  to  the  precipitation  of  Fe3C 

[10.11] )  at  all  frequencies  of  the  a.c.  current.  Since  the  growth  of  the  FesC 
particles  occurs  at  the  expense  of  the  previously  precipitated  Fei6C2  particles 

[10.11] ,  it  could  be  that  the  longer  time  for  the  second  hardness  peak  results  from 
an  increased  diffusion  distance  between  the  growing  Fe3C  particles  and  the 
shrinking  FeigC2  particles.  An  increased  distance  would  occur  if  a  smaller 
number  of  Fei6C2  nucleation  sites  resulted  from  an  influence  of  the  a.c.  current 
on  nucleation. 

It  is  evident  from  the  above  that  the  effect  of  an  electric  current  on  the 
quench  aging  of  metals  is  not  straightforward  and  that  more  work  is  needed  to 
arrive  at  a  better  understanding  of  the  mechanisms  that  are  involved. 

1.2  Effects  of  Hi^DensityElectrfe  Current  Pulses 

1.2.1  Plastic  Deformation:  Dislocation  Mobility:  The  influence  of  a  single 
electric  current  pulse  of  10^-10®  A/cm^  and  -  100  pm  duration  on  the  flow  stress  of 
several  FCC  metals  (Al,  Cu,  Ag)  with  differing  stacking  fault  energy  and  a  BCC 
transition  metal  (Nb)  was  investigated  at  78-373K  to  determine  the  mechanism  by 
which  an  electric  current  increases  the  plastic  deformation  rate  at  low 
homologous  temperatures  [17-20].  Since  the  strain  rates  produced  by  the  current 
pulse  were  ^  10  8“^,  the  results  were  anal3^ed  employing  the  thermally  activated 
dislocation  motion  concept,  whereby  the  drift  electrons  assist  the  applied  stress 
and  thermal  fluctuations  for  dislocation  to  overcome  the  obstacles  to  their  motion; 
see  Fig.  3.  This  gives  for  the  ratio  of  the  shear  strain  rate  with  the  current  Yj  to 
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that  without  current  Y  [20]: 


where  Yq  =  ND^mb  s  v*  exp  (AS*/k)  is  the  pre-exponential  factor,  Nf)  m  the  mobile 
dislocation  density,  b  the  Bxargers  vector,  s  the  average  distance  the  dislocation 
segment  (1*)  moves  per  successful  thermal  fluctuation,  v'^  the  dislocation 
vibration  frequency,  AS*  the  activation  entropy,  AU*  the  energy  to  overcome  the 
obstacle.  A*  the  activation  area,  t*  (=  the  effective  stress,  F^y,  the  electron 
wind  force  and  kT  has  its  usual  meaning.  For  polycrystals,  Y  =  ^  e  and  x*  =  o*/M 
where  M  (~  3)  is  the  Taylor  orientation  factor  and  y  and  a  are  the  true  uniaxial 
strain  rate  and  stress,  respectively.  The  effects  of  the  drift  electrons  on  Yo»  ^U*, 
A*,  AH*  and  were  determined  by  constant  strain  rate  tensile  tests  in  which 
current  pulses  of  increasing  magnitude  were  applied  at  different  strain  rates  and 
temperatures;  see  for  example  [18].  The  procedures  and  care  which  must  be 
employed  to  eliminate  the  side  effects  of  the  current  and  to  obtain  the  desired 
information  are  discussed  in  [17]. 

The  effects  of  the  drift  electrons  on  the  various  parameters  in  Eqn.  3  are 
presented  in  Table  3  and  illustrated  in  Fig.  4  for  Cu  and  Nb.  For  FCC  metals  the 
largest  contribution  of  the  current  is  through  the  pre-exponential  factor  Yoi  fbe 
effects  on  the  other  parameters  being  much  less.  Thus,  we  need  to  consider  the 
influence  of  the  current  pulse  on  the  components  of  %.  Since  No  ^  is  generally  of 
the  order  of  one-tenth  of  the  total  dislocation  density,  it  is  expected  that  the 
increase  in  No^m  is  at  most  of  the  order  of  10.  This  then  leaves  the  influence  of  the 
current  on  the  three  remaining  components  s,  v*  and  AS*.  Additional  work  is 
needed  to  determine  the  effect  of  the  current  on  these  parameters.  Worthy  of  note 
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is  that  AS*  enters  into  an  exponential  and  therefore  small  changes  in  this 
parameter  will  produce  large  effects  on  Yq. 

In  the  case  of  BCC  niobium,  the  current  pulse  has  a  significant  effect  on  the 
strain  rate  through  both  Yq  and  AU*  (for  BCC  metals  AU*  =  2  Hk,  where  is  the 
kink  energy).  However,  the  expected  large  increase  in  strain  rate  from  the 
current  pulse  due  to  a  decrease  in  is  countered  by  a  significant  decrease  in  the 
activation  area  A*,  so  that  the  total  contribution  to  the  strain  rate  given  by  the 
change  in  AH*  {=  AU*-A*bT*-F^^A*)  is  smaller  than  the  increase  in  Yq. 

Quantum  mechanics  or  kinetic  considerations  [21—23]  give  for  the  electron 
wind  force  per  unit  dislocation  length 

F,w  =  «t»Pp(j/e-n,Vjj)  (4) 

Alternately,  one  obtains  from  considerations  of  the  spedhc  dislocation  resistivity 
[24-27] 

where  a  is  a  constant  ranging  between  0.1  and  1.0,  b  the  Burgers  vector,  Pp  the 
Fermi  momentum,  j  the  current  density,  e  the  electron  charge,  n^  the  electron 
density,  vd  the  dislocation  velocity,  the  dislocation  specific  resistivity,  Np  the 
total  dislocation  density.  The  experimentally-derived  values  for  Fg^  can  then  be 
compared  with  theoretical  predictions  through  an  electron  wind  push  coefficient 

B.w=F.w/v.  (6) 

where  Vg  =  j/e  n^.  In  turn,  one  can  compare  Bg^  with  the  dislocation-electron 
drag  coefficient  Bg,  which  for  Cu  and  A1  has  values  of  the  order  of  10“5  dyn-s/cm2. 
Eqn.  4  yields  Bg^  «  5  x  10"®  d3ni-s/cm2  for  the  FCC  metals  Cu,  Ag  and  Au  by  taking 
a  =  0.25,  a  common  value;  Eqn.  5  yields  Bg^  -  10~^  dyn-s/cm^  for  metals  in 
general. 


U 


The  values  of  determined  experimentally  for  the  FCC  metals  Al,  Ag  and 
Cu  and  BCC  Nb  are  presented  in  Pig.  5  as  a  function  of  temperature.  For  the  FCC 
metals,  the  experimental  values  decrease  with  increase  in  stacking  fault  energy 
and  are  in  reasonable  accord  with  theoretical  predictions.  However,  the  indicated 
decrease  in  B^^  for  Cu  and  Ag  with  temperature  is  not  expected  from  the  theory. 
In  the  case  of  the  BCC  transition  metal  Nb,  the  experimental  B^^  is  about  an 
order  of  magnitude  larger  than  predicted.  One  reason  may  lie  in  the  accuracy  of 
the  experimental  electronic  parameters  employed  to  calculate  F^.^  from  Eqns.  4 
and  5. 


1.2.2  Fatigue:  The  effects  of  continued,  high  current  density  pulsing  on  the 
low  cycle  fatigue  of  polycrystalbne  Cu,  [26,29]  and  a-Ti  [30]  were  investigated.  In 
the  case  of  Cu,  the  current  pulsing  produced  the  following  effects:  (a)  increased 
fatigue  Ufe  by  a  factor  of  2-3,  (b)  reduced  intergranular  cracking  and  (c)  increased 
the  homogenization  of  slip;  see  Pig.  6.  The  former  two  effects  were  attributed  to 
the  increase  in  slip  homogenization.  A  model  was  developed  to  explain  the  effect 
of  slip  homogenization  on  fatigue  life  [29].  This  gave  for  the  fatigue  crack  growth 
rate 


da 

dN  * 


C 


(7) 


where  C  is  a  constant,  Yp  the  plastic  strain  range,  A^^®®  the  area  fraction  of  the 
surface  containing  persistent  slip  bands  and  the  linear  slip  band  density. 

The  increase  in  A^^SB  and  by  electropulsing  was  attributed  mainly  to  a 
reduction  in  the  stress  required  to  activate  dislocation  sources  at  or  near  the 
surface. 
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In  the  case  of  a-Ti,  the  electropulsing  reduced  only  slightly  the  initial  rate  of 
cyclic  softening,  but  eliminated  the  secondary  cyclic  hardening  which  occurred  in 
unpulsed  specimens;  see  Fig.  7.  This  influence  of  the  electropulsing  was 
attributed  to  an  enhancement  of  the  dislocation  velocity,  which  leads  to  a 
reduction  in  the  effective  stress  o*.  This  in  tiim  facilitates  the  occurrence  of  a  low 
energy  dislocation  patch  structure  compared  to  a  structure  containing  a  large 
number  of  screw  dislocations. 

1.2.3  Recovery.  Recrvstallization  and  Grain  Growth:  Prior  work  [1]  showed 
that  electropulsing  enhanced  the  rates  of  recovery  and  recrystallization  of  cold 
worked  polycrystalline  Cu.  During  the  present  period  it  was  established  that 
similar  behavior  occurred  for  polycrystalline  A1  and  Ni3Al  and  moreover  that  the 
electropulsing  effect  was  relatively  independent  of  purity  for  the  A1  and  Cu  [31]; 
see  Fig.  8.  Studies  were  also  conducted  on  the  effect  of  electropulsing  on  grain 
growth  in  Cu,  focusing  on  the  temperature  regime  where  recrystallization  was 
just  complete  [31,32].  Fig.  9  shows  that  in  this  regime  electropulsing  decreased 
the  rate  of  grain  growth  in  contrast  to  its  enhancement  of  the  rates  of  recovery  and 
recrystallization.  The  retardation  of  grain  growth  in  the  electropulsed  specimens 
was  concluded  to  result  from  a  reduction  in  the  residual  dislocation  density  in  the 
freshly  recrystallized  grains,  compared  to  the  density  in  specimens  annealed 
without  current. 

The  influence  of  electropulsing  on  the  rate  of  grain  growth  was  analyzed  in 
terms  of  the  equation  proposed  by  Li  [33]  for  the  case  where  the  driving  force 
decreases  with  time  t  due  to  the  annihilation  of  dislocations 

(dD/dtr^  =  l/(kQAF„)  +  (kj^  /k^)t  (8) 

where  D  is  the  grain  size,  k^  the  grain  boundary  mobility  constant,  k^  a  second- 
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order  kinetics  dislocation  annihilation  constant  and  AF^  the  driving  force  at  zero 
time.  Fig.  10  shows  that  the  grain  growth  of  Cu  of  two  purity  levels  is  in  accord 
with  Eqn.  8,  the  slope  (=  kj^/kQ)  being  larger  for  the  electropulsed  specimens  and 
for  a  higher  impurity  content.  The  intercept  (=  l/koAFp)  does  not  appear  to  be 
significantly  influenced  by  either  the  electropulsing  or  the  purity  level.  These 
results  suggest  that  electropulsing  mainly  increases  the  dislocation  annihilation 
rate  constant  kjj,  which  is  in  accord  with  the  observed  effect  of  electric  current 
pulses  on  dislocation  mobility  discussed  above.  The  effect  of  purity  level  is 
considered  to  result  mainly  from  a  decrease  in  the  grain  boundary  mobility 
constant  kQ,  in  keeping  with  the  well  known  fact  that  impurities  significantly 
reduce  grain  boundary  mobility  in  metals  [34]. 

In  a  study  on  the  effect  of  electric  current  pulse  duration  (50-200  ps)  and 
frequency  of  application  (0.07  -  7  pulses  per  s)  on  grain  growth  in  Cu  [32]  it  was 
found  that  the  ratio  kj^/kQ  was  not  significantly  influenced  by  the  pulse  duration 
or  frequency  in  the  ranges  considered.  This  suggests  that  either  both  kj^  and  kQ 
are  equally  affected  by  these  current  parameters  or  that  the  effect  of  the  electric 
current  already  occurs  in  50  ps  and  is  governed  more  by  a  specific  number  of  drift 
electrons  rather  than  the  total  number. 

2.  INFLUENCE  OF  AN  EXTERNAL  ELECTRIC  FIELD 
During  the  prior  report  period  [1]  it  was  found  that  the  application  of  an 
external  electric  field  whereby  the  specimen  is  one  electrode  of  an  electrostatic 
circuit  can  affect  solid  state  transformations  and  mechanical  properties  of  metals 
and  alloys.  The  objective  of  the  present  studies  was  to  further  characterize  the 
effect  and  to  evaluate  the  mechanism(s)  involved. 

2.1  S(^d  State  Transformaticxis 

2.1.1  Quench  Aging  of  a  Low-Carbon  Steel 
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;.  It  was  found  [35,36]  that  an 


external  electric  field  E  of  -  14  kV/cm  (-  7  kV  across  0.5  cm)  had  the  following 
effects  on  the  quench  aging  curves  of  the  same  low*carbon  steel  sheet  (0.04  C-0.16 
Mn)  employed  in  the  studies  discussed  above  for  the  effects  of  an  electric  current: 
(a)  it  reduced  the  hardness  of  the  first  aging  peak  more  than  the  second  so  that 
only  a  single  broad  peak  resulted  (Fig.  11)  and  (b)  it  increased  the  activation 
energy  derived  for  the  time  to  reach  maximtim  hardness  from  0.68  eV  to  0.85  eV 
(Fig.  12),  the  latter  value  being  that  for  the  diffusion  of  C  in  a-iron  (see  Table  1). 
The  effect  of  the  field  became  negligible  when  the  grain  size  was  increased  from 
13  to  56  pm. 

TEM  observations  (Fig.  13)  revealed  that  the  major  effect  of  the  field  on  the 
microstructure  was  to  increase  the  width  of  the  relatively  precipitate-free  zone 
(PFZ)  adjacent  to  the  grain  boundaries  from  <0.1  pm  at  zero  field  to  as  much  as  2 
pm  at  E  =  14  kV/cm.  Moreover,  with  the  field  the  precipitates  in  this  zone  mainly 
nucleated  on  dislocations  (compared  to  homogeneously  within  the  matrix  in  the 
grain  interior)  and  their  area  density  was  considerably  less  and  their  size 
considerably  greater  (10  to  100  times)  than  in  the  grain  interior,  where  their 
number  and  size  was  similar  to  that  for  aging  without  a  field. 

The  reduction  in  hardness  which  resulted  for  aging  with  the  field  could  be 
explained  in  terms  of  the  increased  width  of  the  depleted  zone  adjacent  to  the 
grain  boundaries,  which  is  softer  than  the  grain  interior.  It  was  proposed  that 
the  effect  of  the  electric  field  on  the  aging  process  resulted  from  the  charge  at  the 
specimen  surface,  which  influences  the  vacancy  concentration  there  in  such  a 
manner  as  to  provide  a  driving  force  for  their  migration  from  the  grain  interior  to 
the  nearest  grain  boimdary  and  thence  along  the  boundaries  to  the  surface;  see 
Fig.  14.  The  role  of  the  vacancies  in  the  aging  process  is  to  provide  nucleation 
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sites  for  the  precipitation  of  carbon  [10,11]  and  perhaps  also  be  involved  in  the 
diffusion  of  carbon  as  a  C-vacancy  complex;  see  Table  1. 

I  2.1.2  Hardenabilitv  of  Steel:  An  exploratory  study  [37]  established  that  the 

application  of  an  external  electric  field  of  the  order  of  ^  1  kV/cm  in  the  manner  of 
I  Fig.  15  during  the  heat  treatment  of  a  tool  steel  increased  its  hardenability;  see 

I 

Fig.  16.  The  curves  shown  here  are  similar  to  Jominy  end-quench  curves,  since 
the  stainless  rod  to  which  the  specimen  was  attached  during  the  quench  provided 
a  slower  cooling  rate  at  that  end  compared  to  the  rate  at  the  tip  of  the  specimen 
farthest  from  the  attachment.  Evident  from  Fig.  16  is  that  the  effect  of  the  field  on 
the  hardness  is  much  greater  during  the  quench  than  during  austenitization. 

The  effect  of  cooling  rate  produced  by  various  quench  media  on  the  response 
of  the  tool  steel  to  the  electric  field  is  presented  in  Fig.  17,  which  gives  a  plot  of  the 
hardness  taken  within  1  mm  of  the  specimen  tip  vs  the  measured  average  cooling 
rate  between  800°  and  500°C.  The  effect  of  the  field  was  greatest  at  a  cooling  rate  of 
-  20°C/s. 

Also  evident  from  Fig.  17  is  that  the  response  to  the  electric  field  depends  on 
the  composition  of  the  steel,  the  effect  being  much  greater  for  the  02  tool  steel 
compared  to  the  4340  steel,  the  latter  having  the  higher  hardenability  without  an 
electric  field.  A  chemical  analysis  of  the  two  steels  gave  the  following  composition 
in  wt.%: 
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Optical  microscopy  and  TEM  revealed  that  the  higher  hardness  produced  by  the 
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electric  field  was  associated  with  an  increased  amount  of  martensite  or  bainite 
compared  to  pearlite. 

The  results  of  a  subsequent,  more  de&nitive  study  [38]  are  presented  in  Pig. 
18.  In  these  tests  the  condition  of  a  Jominy  end'Quench  was  more  closely 
simulated  in  that  during  the  quench  only  approximately  2.5  nun  of  the  tip  of  the 
specimen  was  immersed  in  the  quench  medium.  Also,  the  electric  field  was  only 
applied  during  the  quench,  the  quench  medium  being  silicone  oil  at  25*^0.  The 
composition  of  the  W1  steel  used  for  these  tests  was  determined  to  be  in  wt.%: 

Sled  CSiMaCrMcNiW  YS  EQi 

W1  1.00  0.34  0.39  0.22  <0.05  0.11  <0.05  <0.01  0.018  0.012  0.19 

Except  for  a  slightly  higher  Si  content,  this  steel  has  essentially  the  same 
composition  as  that  of  the  02  steel  used  in  the  earlier  study  [37]. 

The  results  in  Fig.  18  confirm  that  the  application  of  an  external  electric  field 
during  the  quenching  of  a  tool  steel  can  increase  its  hardenability.  The  curves 
presented  here  are  the  average  of  two  groups  of  specimens  (30  mm  long  x  1.6  mm 
dia.)  cut  from  different  rods  of  the  same  lot  of  steel  and  heat  treated  at  different 
times  separated  by  about  a  month.  The  first  group  consisted  of  7  separate 
specimens,  the  second  of  13.  Following  quenching  the  specimens  were  sectioned 
lengthwise  at  the  center  and  Vickers  microhardness  (200  g  load)  measurements 
taken  every  1  mm  along  the  length  of  the  specimen  starting  from  the  quenched 
end.  Typical  scatter  in  the  measurements  is  indicated  by  the  error  bars.  Optical 
microscopy  studies  revealed  the  following  structiu'es  along  the  specimen  length: 
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where  M  designates  martensite  and  P  pearlite.  These  structures  are  consistent 
with  the  hardness  measurements. 

To  determine  the  effect  of  the  electric  field  on  the  cooling-transformation  (CT) 
behavior  during  the  quench,  0.25  mm  dia.  chromel-alumel  thermocouples  were 
spot- welded  at  predetermined  locations  along  the  length  of  test  specimens.  The 
thermocouples  were  positioned  at  each  mm  along  the  length  of  the  specimens, 
starting  at  3-4  mnn  from  their  quenched  tip  and  ending  at  15-16  mm  from  the  tip, 
giving  a  total  of  8  positions.  A  duplicate  set  of  specimens  was  employed  for  each 
thermocouple  position,  one  for  quenching  with  the  electric  field,  the  other 
without.  Moreover,  duplicate  runs  were  conducted  with  and  without  the  field  for 
the  first  five  positions  &om  the  tip.  Cooling  curves  at  each  location  were  recorded 
by  connecting  the  thermocouple  to  an  X-Y  recorder  with  a  response  time  setting  of 
0.5  cm/s. 

Examples  of  the  cooling  curves  obtained  with  and  without  an  electric  field  are 
given  in  Fig.  19  for  three  locations  along  the  specimen  length.  The  thermal 
arrests  reflect  the  transformation  of  the  austenite  to  pearlite.  Evident  is  a  delay  in 
the  transformation  for  the  electric  field.  However,  no  effect  of  the  field  on  the 
cooling  curves  occurred  prior  to  the  transformation,  indicating  that  the  influence 
of  the  field  on  the  transformation  was  not  an  indirect  effect  through  its  influence 
on  the  cooling  rate  produced  by  the  quench  medium. 

Pig.  20  presents  the  cooling-transformation  (C-T)  diagram  constructed  from 
the  times  for  the  beginning  and  end  of  the  thermal  arrests  in  cooling  curves  such 
as  those  of  Fig.  19.  Evident  is  that  the  electric  field  shifts  the  C-T  diagram  to 
longer  times.  The  maximum  shift  for  this  alloy  occurs  at  ~  500°C,  and  amounts  to 
-  36%.  The  CT  diagram  of  Fig.  20  is  in  accord  with  the  published  isothermal 
transformation  diagram  for  WI  steel  [39]. 
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Of  interest  is  the  mechanism  by  which  the  electric  field  retards  the  eutectoid 
transformation.  It  is  generally  assumed  that  at  low  transformation  temperatures 
the  kinetics  of  pearlite  formation  is  independent  of  the  nucleation  rate  1^  140]  and 
that  the  time  for  a  given  fraction  transformed  is  given  by  [41] 

t^-^^  (9) 

where  d  is  the  grain  size  and  G  the  average  growth  rate.  6  is  given  by 


where  K  is  a  constant,  y  is  the  austenite-pearlite  interface  energy,  Dgb  is  the  grian 
boundary  diffusion  coefficient,  Cy  the  carbon  concentration  in  the  y  phase,  the 
carbon  concentration  in  the  a  phase  and  Sgp  is  the  pearlite  spacing  which 
maximizes  the  growth  rate.  S^p  is  given  by 


S 


4y 

asTatT 

f  E 


(11) 


where  ASf  is  the  entropy  change  and  ATg  the  supercooling  below  the  eutectoid 
temperature. 

It  is  expected  that  the  influence  of  the  electric  field  on  the  CT  curve,  and  in 
turn  on  hardenability,  will  be  through  its  effect  on  one  or  more  of  the  parameters 
in  Eqns  10  and  11.  One  possible  effect  is  on  the  migration  of  the  quenched-in 
vacancies  from  the  grain  interior  to  the  grain  boundary  and  thence  to  the  surface, 
similar  to  the  situation  discussed  above  for  the  quench  aging  of  steel.  A  reduction 
in  the  concentration  of  vacancies  at  the  grain  boundaries  resulting  from  their 
migration  to  the  surface  might  retard  the  diffusion  of  carbon  along  the  grain 
boundary  needed  to  form  the  pearlite.  A  retardation  would  especially  result  if  the 
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diffusion  of  the  carbon  occurred  by  means  of  a  carbon-vacancy  complex.  The  shift 
of  36%  in  the  time  for  the  beginning  of  the  transformation  at  500°C  could  thus 
result  from  either  an  increase  of  this  magnitude  in  the  pre-exponential  Dq  of  the 
diffusion  coefficient  or  from  an  increase  of  300—500  cal/mole  in  the  activation 
energy  for  diffusion.  Another  possible  effect  of  the  field  might  be  on  the  austenite- 
pearlite  interface  energy  y.  Based  on  Eqns.  10  and  11,  the  observed  shift  in  the  C-T 
diagram  could  result  from  a  17%  increase  in  the  surface  energy.  Additional  work 
is  needed  to  determine  whether  the  field  affects  either  of  these  parameters  and  the 
degree.  Furthermore,  the  studies  to-date  have  been  on  relatively  small  diameter 
(1.6  -  3.0  mm)  rods,  where  the  effect  of  the  field  extended  to  the  center  of  the 
specimen.  Needed  are  tests  on  larger  diameter  specimens  to  det.;rmine  the 
influence  of  the  field  on  the  depth  to  which  the  increase  in  hardenability  occms. 

2.1.3  Annealing  of  Nij^Al:  An  electric  field  of  1.9  kV/cm  enhanced  the  rates 
of  recovery  and  recrystallization  of  cold  rolled  (25%)  Ni3Al;  see  Fig.  21.  This  effect 
of  an  electric  field  is  in  contrast  to  that  for  A1  and  Cu,  where  a  field  retarded 
recovery  and  recrystallization  [42].  This  suggests  that  studies  of  the  behavior  of 
intermetallic  compoimds  under  an  electric  field  may  offer  a  means  for  arriving  at 
a  better  understanding  of  the  mechanisms  involved.  Also,  electric  fields  offer  the 
possibility  of  improving  the  efficiency  of  processing  intermetallic  compounds. 

2J2  Superplasfic  Deformation 

An  exploratory  study  during  the  previous  report  period  [1]  revealed  that  an 
external  electric  field  of  the  order  of  1  kV/cm  during  the  superplastic  deformation 
of  the  7475  A1  alloy  in  uniaxial  tension  produced  the  following  effects:  (a)  reduced 
the  flow  stress,  (b)  reduced  strain  hardening  through  an  increase  in  the  recovery 
rate,  (c)  increased  slightly  the  strain  rate  hardening  exponent  and  (d) 
significantly  reduced  the  amoimt  of  cavitation.  The  present  studies  were 
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undertaken  to  define  the  behavior  more  thoroughly  and  to  develop  an 
understanding  of  the  mechanism(s)  involved.  The  results  of  these  studies  are 
presented  in  [43-46]. 

The  present  studies  confirmed  in  more  detail  the  results  obtained  in  the 
earlier  exploratory  investigation.  Moreover,  they  established  the  following 
additional  features  regarding  the  influence  of  an  external  electric  field  on  the 
superplastic  deformation  of  7475  A1  alloy: 

(a)  The  maximum  flow  stress  and  the  amount  of  cavitation  depend  on  the 
polarity  and  magnitude  of  the  electric  field;  see  Figs.  22  and  23.  It  is  here 
seen  that  a  greater  effect  on  both  the  reduction  in  flow  stress  and  on 
cavitation  occurs  when  the  specimen  is  connected  to  the  positive  terminal  of 
the  power  supply.  In  the  case  of  the  flow  stress,  reversing  the  polarity  from 
specimen  positive  to  specimen  negative  increased  slightly  the  flow  stress  over 
that  without  an  electric  field.  However,  reversing  the  polarity  in  this 
manner  did  not  increase  the  amoimt  of  cavitation  over  that  for  no  field,  but 
merely  reduced  its  amount  compared  to  when  the  specimen  was  connected  to 
the  positive  terminal. 

(b)  Changes  in  microstructure  in  addition  to  reduction  in  cavitation  which 
resulted  from  the  application  of  an  electric  field  of  2  kV/cm  during  the 
superplastic  deformation  of  7475  AI  included  the  following: 

(1)  A  retardation  of  strain*induced  grain  growth,  including  that 
associated  with  dynamic  recrystallization  towards  the  end  of  the  test, 
Fig.  24. 

(2)  A  slight  increase  in  the  width  of  the  dispersoid-free  zones  (DFZ),  Fig. 
25.  The  Dra  occurred  mainly  at  grain  boundaries  perpendioilar  to  the 
tensile  axis. 

(3)  An  increase  in  the  Zn/Cu  atom  ratio  in  the  DFZ. 
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(4)  An  increase  in  the  size  of  the  dispersoids  at  the  sides  of  the  DFZ's 
bounded  by  the  grain  boundaries. 

(5)  An  increase  in  the  dislocation  density  within  the  grain  interior. 

(c)  The  effect  of  the  electric  field  on  cavitation  was  mainly  on  the  cavities  which 
formed  along  the  grain  boimdaries  (especially  at  triple  points)  compared  to 
those  which  formed  at  inclusions,  Fig.  26. 

(d)  An  increase  in  the  number  of  whiskers,  Fig.  27,  which  occurred  on  the 
fracture  surface  of  specimens  which  had  been  superplastically  deformed 
with  an  electric  field  compared  to  without.  These  whiskers  appeared  to  have 
resulted  from  a  very  large  elongation  {>  1000%)  of  the  very  ductile  DFZ. 

(e)  A  decrease  in  the  activation  energy  for  superplastic  deformation  by  the 
electric  field  both  at  lower  temperatures  (437°C)  and  at  higher  temperatures 
{567°C)  than  those  normally  employed  (516-520°C)  for  the  superplastic 
deformation  of  7476  Al;  see  Fig.  28. 

The  following  explanations  were  proposed  for  the  above  experimental  results 
in  terms  of  current  theories  pertaining  to  the  superplastic  deformation  of  metals: 
(a)  Strain-Enhanced  Grain  Growth:  The  early  stage  of  grain  growth  in  Fig.  23  is 
in  accord  with  the  strain-enhanced  grain  growth  relation  proposed  by 
Wilkinson  and  Caceras  [48} 

Ad^  =  Ke'*’e  (12) 

where  K  and  p  are  constants  and  e  is  the  strain  rate.  The  direct  observation 
by  us  of  dynamic  recrystallization  during  the  later  stage  in  Fig.  24  provides 
support  for  Ghosh  and  Raj's  [49}  interpretation  of  the  decrease  in  grain  size 
with  strain  they  observed  during  the  superplastic  deformation  of  7475  Al. 
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The  retarding  effect  of  the  electric  held  on  initial  grain  growth  is 
through  a  reduction  in  the  product  K  £*P,  which  could  result  from  either  a 
reduction  in  grain  boundary  mobility  per  se  or  an  increased  retarding  effect 
on  grain  boundary  mobility  by  the  larger  dispersoids  in  the  DFZ-grain 
boimdary  region. 

(b)  Disnersoid^Free  Zone  (DFZ):  The  observed  proportionality  between  the 

ratio  5/L  and  strain  in  Fig.  25  is  in  accord  with  the  expression  derived  by 
Karim  et  al  [50]  and  Valiev  and  Kaibyshev  [51]  for  diffusion  creep  strain 

Ml  (13) 

(c)  Cavitation:  The  linear  increase  in  volume  fraction  of  cavities  with  the 
logarithm  of  the  strain  is  in  accord  with  the  expression  derived  by  Hancock 
[52]  for  strain^controUed  growth  of  cavities,  namely 


where  r  is  the  cavity  radius,  Ys  the  specific  surface  energy,  a  the  Von  Mises 
stress  and  t|  the  cavity  growth  rate  parameter.  If  3Ys/2a  is  sufficiently  small, 
Eqn.  14  can  be  rewritten  as 

f  =  nvV  (15) 

where  V  is  the  total  cavity  volume  and  t|v  the  volume  cavity  growth  rate 
parameter.  Integration  of  Eqn.  15  gives 

In  f;,  =  K  +  Tiy  e  (16) 

which  is  in  accord  with  the  observed  increase  in  volume  fraction  of 
cavities  with  strain.  The  electric  field  increased  both  K  and  t(v>  greater 


effect  being  on  K,  which  ia  a  measure  of  the  number  of  cavities  per  imit 
volume,  i.e.  the  cavity  nucleation  rate.  The  slight  increase  in  r\y  with  electric 
field  reflects  an  increase  in  the  ease  of  grain  boimdary  sliding  [53,54]. 

(d)  Flow  Stress:  Steady  state  auperplastic  flow  can  be  expressed  by  [55] 


fAD^b'l  fbf 

.  kT  J  [dj  inj 


(17) 


where  e  is  the  strain  rate,  c  the  flow  stress,  A  a  dimensionless  constant,  D 
the  appropriate  diffusion  coefficient,  ^  the  shear  modulus,  b  the  Burgers 
vector,  d  the  grain  size,  p  the  grain  size  exponent,  m  the  strain  rate 
hardening  exponent  and  kT  has  its  usual  meaning.  Rearranging  Eqn.  17 
one  obtains  for  the  flow  stress 


An  analysis  of  the  change  in  the  stress-strain  behavior  produced  by  the 
electric  field  suggests  that  the  influence  of  the  field  is  through  its  effect  on  the 
parameters  A  and  p  [43].  It  is  proposed  that  the  effect  on  A  is  through  the 
influence  of  the  field  on  the  microstruu  ore  and  on  p  through  an  increase  in 
the  grain  boundary  sliding  and  diffusion  flow  contributions  to  the  plastic 
deformation  rate.  The  observed  increase  in  the  strain  rate  hardening 
parameter  m  and  the  decrease  in  the  activation  energy  Q  by  the  field  are  in 
accord  with  this  idea.  Moreover,  the  increase  in  the  width  of  the  DFZ 
suggests  that  the  electric  field  promotes  diffusional  plastic  flow.  This  would 
contribute  to  the  observed  increase  in  m  and  p  with  electric  field. 

The  detailed  mechanism(s)  by  which  the  electric  field  produces  the  effects 
discussed  above  is  not  clear.  However,  all  of  the  effects  can  be  explained  in  terms 
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of  an  increased  diffusion  rate  produced  by  the  electric  field,  thereby  enhancing  the 
diffusion-controlled  mechanisms  responsible  for  grain  boundary  sliding  and 
diffusion  creep,  and  producing  the  changes  in  microstructure  which  occur 
during  the  superplastic  deformation.  Especially  affected  appears  to  be  grain 
boimdaiy  sliding  as  evidenced  by  the  significant  reduction  in  cavitation  along  the 
boundaries. 

The  various  effects  of  the  electric  field  can  be  explained  qualitatively  by  the 
model  illustrated  in  Fig.  29,  which  is  similar  to  that  proposed  for  the  effect  of 
electric  field  on  quench  aging  in  a-iron  in  Fig.  14.  In  this  model  the  charge 
produced  by  the  field  at  the  specimen  surface  influences  there  the  chemical 
potential  of  vacancies  in  such  a  manner  as  to  promote  the  diffusion  of  the  charged 
vacancies  from  the  grain  interior  to  the  grain  boundaries  and  thence  rapidly 
along  the  boundaries  to  the  surface.  If  this  model  is  correct,  then  the  effect  of  the 
field  would  depend  on  the  specimen  grain  size  and  its  thickness.  An  estimate  of 
the  time  required  for  a  vacancy  to  reach  the  surface  from  the  interior  of  a  grain  at 
the  center  of  the  specimen  can  be  obtained  from  the  diffusion  equation 


x  =  2VDt 

(19) 

(20) 

where  x  is  the  diffusion  distance,  D  =  D,,  exp  (-AH/kT)  the  appropriate  diffusion 
coefficient,  tg  the  time  for  a  vacancy  to  diffuse  from  the  interior  of  the  grain  to  the 
grain  boundary  and  tg^  the  time  to  reach  the  surface  along  the  grain  boundary. 
For  the  calculation  we  will  assume  that  the  distance  Xg  from  the  interior  of  the 
grain  to  the  boundary  is  approximately  one  half  the  grain  size  (~  5  pm)  and  the 
distance  Xgi^  along  the  grain  boundaries  to  the  specimen  surface  is  approximately 
half  the  specimen  thickness  (0.6  mm).  The  coefficient  for  the  lattice  diffusion  of 
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vacancies  in  A1  is  Dj''  =  0.2  exp  (-11,500/RT)  [56,57];  that  for  diffusion  of  vacancies 
along  grain  boundaries  is  not  known,  but  the  activation  energy  for  grain  boundary 
diffusion  of  vacancies  is  estimated  to  be  1/4  to  1/2  that  for  diffusion  in  the  lattice 
[58,59].  Hence,  it  will  be  assumed  here  that  the  diffusion  coefficient  for  vacancies 
along  the  grain  botmdaries  Dg''  =  0.2  exp  (-5,750/RT).  Taking  the  above  values 
and  T  =  516®C  (typical  superplastic  deformation  temperature  for  7475  Al),  one 
obtains  using  Eqns.  19  and  20,  t  ->  0.2s,  which  is  well  within  the  response  time 
noted  on  recordings  of  changes  in  the  stress-strain  curves  when  the  field  was 
turned  on  and  off  [44].  Thus,  the  estimated  time  for  the  operation  of  the  proposed 
model  is  well  within  that  which  would  be  required  for  the  superplastic 
deformation  of  the  7475  Al  alloy  sheet  of  1.2  -  1.8  mm  thickness  and  8-10  pm 
initial  grain  size. 

Assuming  the  above  model  for  the  effect  of  an  external  electric  field  on  the 
superplastic  deformation  of  7475  Al  and  taking  the  vacancy  diffusion  coefficient 
DgV  s  0.2  exp  (-5,750/RT),  one  obtains  2.9  mm  as  the  limiting  specimen  thickness 
for  the  test  conditions  T  =  516°C,  t  =  Is,  and  grain  size  d  =  10  pm.  This  limiting 
thickness  is  considered  to  be  a  lower  boimd  value,  since  the  activation  energy  for 
the  diffusion  of  vacancies  along  a  large  angle  grain  boundary  is  expected  to  be  less 
than  1/2  that  for  their  diffusion  in  the  lattice  [59]. 

3.  SUMMARY  AND  CONCLUSIONS 

The  studies  during  this  report  period  confirm  and  extend  the  earlier  findings 
by  the  author  and  his  co workers  [1]  that  an  internal  electric  current  or  an 
external  electric  field  can  have  an  influence  on  the  mechanical  properties  of 
metals  and  on  solid  state  transformations  therein  in  addition  to  the  usual  side 
effects  of  Joule  heating,  etc.  Significant  effects  occurred  for  electric  currents  ^  ~ 
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kA/cm^  (continuous  d.c.  or  a.c.  and  ptilsed  d.c.)  and  for  continuous  d.c.  electric 
fields  >  ~  kV/cm.  They  were  attributed  mainly  to  an  influence  on  the  mobility  of 
crystal  defects.  The  effects  which  were  observed  include  the  following: 

(a)  Electric  Current 

(1)  Quench  Aging  of  a  Low-Carbon  Steel:  A  continuous  d.c.  current  of 
-  1  kA/cm2  enhanced  the  rate  of  quench  aging  at  80°C,  whereas  a 
continuous  a.c.  of  -  100  Hz  retarded  the  rate  very  significantly.  The 
frequency  of  100  Hz  is  approximately  that  for  the  jump  frequency  of  C 
atoms  at  the  aging  temperature.  However,  an  explanation  for  the 
influence  of  the  current  on  the  aging  rate  is  not  straightforward, 
because  the  diffusion  of  C  atoms,  C  atom-vacancy  complexes  and 
individual  vacancies  are  involved  in  the  nucleation  and  growth  of  at 
least  two  precipitate  forms.  A  complex  effect  of  a.c.  and  d.c.  current  on 
aging  has  also  been  reported  by  others  for  Al-Cu  and  Al-Zn  alloys. 

(2)  Mechanical  Properties:  High  density,  d.c.  electric  current  pulses  (?* 
kA/cm2  for  100  ps)  increased  the  plastic  deformation  rate  by  orders  of 
magnitude  at  low  and  intermediate  homologous  temperatures  (T  <  ~ 
0.3  Tj^)  as  a  result  of  an  increase  in  the  mobility  of  dislocations.  The 
increased  mobility  resulted  from  an  effect  of  the  drift  electrons  on 
several  of  the  parameters  in  the  thermally  activated  rate  equation,  the 
major  effect  being  on  the  pre-exponential. 

An  increase  in  fatigue  life  of  polycrystalline  Cu  resulted  when 
high  density  electric  ciurent  pulses  were  continuously  applied  during 
cycling  at  constant  stress.  The  prolonged  life  is  attributed  to  the 
increased  homogenization  of  slip  which  occurred.  This  was 
considered  to  result  from  the  increased  dislocation  mobility  produced 
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by  the  current  pulses.  An  increased  dislocation  mobility  was  also 
concluded  to  be  responsible  for  the  elimination  of  the  cyclic  hardening 
by  electropulsing  during  the  low  cycle  fatigue  of  a-Ti. 

(3)  Recovery,  Reciystallization  and  Grain  Growth:  High  density  electric 
current  pulses  enhanced  the  rates  of  recovery  and  recrystallization, 
but  retarded  the  rate  of  grain  growth  at  temperatures  just  above  the 
recrystallization  temperature.  The  enhancement  of  the  rates  of 
recovery  and  recrystallization  is  considered  to  result  from  an  increase 
in  dislocation  mobility  and  of  vacancy  migration  rate.  The  retardation 
of  grain  growth  was  deduced  to  result  from  a  reduction  in  the  residual 
dislocation  density  in  the  recrystallized  grains  due  to  the  increased 
dislocation  mobility  during  recrystallization  produced  by  the  drift 
electrons. 

(b)  Continuous  d.c.  Electric  Field 

(1)  Quench  Aging  of  a  Low-Carbon  Steel:  An  external  electric  field  of  ^  14 

kV/cm  retarded  the  rate  of  age  hardening  and  reduced  the  peak 
hardness.  TEM  observations  revealed  that  associated  with  these 
effects  there  occurred  an  appreciable  increase  in  the  width  and  nature 
of  the  relatively  precipitate-firee  zone  adjacent  to  the  grain  boundaries. 
It  was  therefore  concluded  that  the  effects  of  the  field  were  mainly  due 
to  the  enhanced  migration  of  the  quenched-in  vacancies  from  the  grain 
interior  to  the  grain  boundary  and  thence  to  the  external  surface  as  a 
result  of  the  electric  charge  produced  at  the  surface  by  the  field. 
Again,  the  details  of  the  effect  of  the  field  on  the  aging  process  are 
complex,  because  C  atoms,  C  atom-vacancy  complexes  and  individual 
vacancies  are  involved  in  the  nucleation  and  growth  of  at  least  two 
precipitate  forms. 
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C2)  Hardenability  of  Steel;  The  application  of  an  electric  field  of  ~  1  kV/cm 

dtmng  the  quenching  of  a  tool  steel  increased  the  hardenability  as 
measured  by  a  simulated  Jominy  end-quench  test  by  shifting  the  CT 
curve  to  longer  times.  The  present  tests  did  not  establish  which  of  the 
various  parameters  that  govern  the  rate  of  pearlite  growth  was 
influenced  by  the  field.  However,  a  major  affect  may  be  on  the 
diffusion  of  C  along  the  grain  bovmdaries  during  the  formation  of 
pearlite. 

(3)  Annealing  of  NisAl:  An  electric  field  of  ~  2  kV/cm  retarded  the  rates 
of  recovery  and  recrystallization  of  A1  and  Cu,  but  enhanced  them  in 
Ni3Al.  The  retardation  in  A1  and  Cu  is  considered  to  result  from  the 
removal  of  vacancies  from  the  specimen  interior  to  the  surface.  The 
results  on  Ni3Al  thus  suggest  that  either  recovery  and  recrystallization 
in  this  material  are  enhanced  by  a  reduction  in  vacancy  concentration 
or  that  the  influence  of  the  electric  field  is  by  a  different  mechanism. 

(4)  Superplasticity  of  7475  Al:  The  application  of  an  electric  field  of  ~  1 
kV/cm  during  the  superplastic  deformation  of  7475  Al  produced  the 
following  effects:  (a)  reduced  the  flow  stress,  (b)  increased  the  strain 
rate  hardening  exponent,  (c)  retarded  grain  growth,  (d)  increased  the 
width  of  the  dispersoid-free  zone  and  changed  its  chemistry,  (e) 
increased  the  dislocation  density  and  size  of  the  dispersoids  within  the 
grains  and  (f)  reduced  cavitation.  These  effects  were  all  attributed  to 
an  increased  diiTusion  of  vacancies  resulting  from  the  charge  at  the 
external  surface  produced  by  the  electric  field. 

As  an  overall  summary  of  the  results  obtained  to-date:  High  density  d.c. 
electric  current  kA/cm^)  enhances  dislocation  mobility  at  all  temperatures  and 
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atomic  or  vacancy  diiliision  at  elevated  temperatures,  a.c.  current  of  the  proper 
frequency  can  significantly  retard  diffusion-controlled  processes.  The  application 
of  an  electric  field  can  influence  superplastic  deformation  or  other  diffusion- 
controlled  processes  by  affecting  the  diffusion  of  vacancies  as  a  result  of  the 
electric  charge  produced  by  the  field  at  the  external  surface.  Thus^  electric 
currents  and  fields  offer  the  possibility  of  either  enhancing  or  retarding  (and 
perhaps  even  completely  suonressingl  metal  phenomena,  thereby  providing 
potential  for  improving  the  efficiency  of  processing  operations  and/or.  improving 
the  properties  of  the  product. 
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TAB1£  L  Data  pertaining  to  self-difiiision  and  C-diffusion  in  a-Fe. 


Self-difiusion  in  a*Fe 


BulkDiffiision  Grain  Boundazy  Diffusion 


(cm^/s) 

QfV 

(eV) 

(eV) 

(eV) 

(cm^/s) 

(% 

V 

(eV) 

Qd 

(eV) 

0.5(1) 

1.3+0.4(2) 

0.68(3) 

2.62(1) 

0.2(6) 

1.57(6) 

118(4)  — 

1.24+0.14(5) 

2.92(4) 

— 

1.2(7) 

0.2(7) 

18(4)  — 

— 

2.78(4) 

1.7(4) 

— 

— 

1.74(4) 

C  division  in  a*Fe 


(cm^/s) 

(eV) 

Q_C-v 

(eV) 

0.008(8) 

0.86(8) 

0.43(2) 

0.41(2) 

0.004(9) 

0.83(9) 

0.41(10) 

0.41(3) 

0.026(10) 

0.89(10) 

0.41(11) 

0.86(11) 

0.87*0.07(12) 

0.40(12) 

4.0(12) 

0.833(12) 

0.02(4,13) 

0.87(4,13) 

Notes; 


Numbers  in  parenthesis  are  references  given  below. 

l^o>  Qd  pre-exponential  and  the  energies  respectively  for  vacancy 

formation,  vacancy  npgration  and  self-diffusion  in  a-Fe. 

Do^»  Qm^»  QpjT*''  QB^''®^are  the  pre-exponential  and  the  energies  respectively  for  single  C 
atoms  diffusion,  C-vacanpy  complex  migration  and  C-vacancy  binding. 
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TABLE2.  Pre-c^ioiiential  Dq,  activatioii  energy  AH  and  mean  time  of  stay  x  at 
80‘<7  for  the  diffusion  (tf  C  in  a-iron 


Ref. 

(czn^/s) 

AH 

kcal/mole 

x(80'’C)* 

10“3s 

l/x  (80°C) 
(s-l) 

1 

0.008 

19.82 

7.98 

125 

2 

0.0041 

19.20 

5.96 

168 

3 

0.026 

20.40 

6.57 

152 

4 

0,020 

20.10 

4.75 

210 

*x  =  ao2/[24  Dq  exp  (-AH/RT)],  where  Bo  =  2.861  A 
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TABLES.  Contributions  to  the  Electnmlastic  ElfiEect^ 


HNK  (kg/mm 


Fig.  1 


Effects  of  d.c.  aod  100  Hz  a.c.  on  the  quench  aging  (Knoop  hardness)  of  a 
low'carbon  steel  at  80*C.  Data  points  are  for  either  2  or  3  separate 
specimens. 


frequency  (Hz) 


Fig.  2  EffectA  of  d.c.  and  frequency  of  a.c.  on  muTimnin  Knoop  hardness  for  the 
quench  aging  of  a  low>carbon  steel  at  80**C. 


Fig.  3  Schematic  of  the  effect  of  drift  electron  flow  on  dislocation  velocity,  (a) 
Specimen  subjected  to  the  combined  action  of  a  mechanical  stress  (On) 
and  an  electric  current  (e),  with  dislocations  moving  on  the  glide  plwe 
with  a  velocity  parallel  (pos.)  and  antiparallel  (neg.)  to  e.  (b)  Dislocation 
segment  of  length  21  overcomes  obstacle  (C)  by  combined  action  of  total 
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the  activation  area,  =  Co^— oIj/M,  where  Oj  is  the  long-range  internal 

stress  and  M  is  the  Taylor  orientation  factor. 
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Fig.  5  Comparison  of  experimentally-derived  values  of  the  electron  push 
coefficient  witn  theoretical  predictions  based  on  specific  dislocation 
resistivity  ana  Fermi  momentum. 
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Fig.  6  Effect  of  electropulsing  on  the  character  of  persistent  slip  bands  at 
fracture  as  a  function  of  cyclic  fatigue  stress:  (a)  width  and  (b)  linear 
density,  t,  -*  28  MPa  is  the  plateau  resolved  shear  stress  (stage  6)  in  the 
fatigue  of  Ou  single  crystals.  The  factor  2.2  is  the  Sachs  orientation 
factor. 


U) 


Effect  of  electropulsing  on  cyclic  softening  and  hardening  of  a-Ti.  (a) 
Not  pulsed  and  (b)  pulsed  (~  lO^  AJcafi,  50  ps  duration,  20  pulses  per  s). 
From  Lai  et  al  [30]. 
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Pig.  8o  EfTect  of  electxopulsing  on  the  isochronal  (15  min)  annealing  of  Cu. 
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Fig.  8c  EfTect  of  electropulsing  on  the  isochronal  (1  hr)  annealing  of  Ni3Al. 
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Fig.  9  Effect  of  electropulsing  on  grain  growth  in  99.99  Cu. 
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Fig.  10  EfTect  of  electropulsing  on  the  reciprocal  of  the  grain  growth  rate  vs  the 
annealing  time  for  Cu  of  two  purity  levels. 
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Pig.  11  Effect  of  applied  voltage  (external  electric  field)  on  the  aging  curve 
(increase  in  Vickers  hardness)  at  56°C.  d  =  13  ^In. 
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12  Semi'log  plot  of  the  time  to  reach  maximum  Vickers  hardness  divided 
by  the  aging  temperature  vs  reciprocal  of  the  temperature,  d  =  13  |jm. 
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Fig.  13  TEM  micrographs  of  the  precipitate  structxire  adjacent  to  the  grain 
boundaries  (d  =  13  um)  for  aging  at  56°C  with  E  =  0  and  E  =  14  kV/cm:  (a) 
and  (b)  tg  =  20  hr.  (c)  and  (d)  t  =  80  hr, 


Model  for  Effect  of  Electric  Charge  on 
Quench  Aging  of  Steel 


Surface 


Cv 

Jv  =  ■  kT  ■5x' 

ll^(Surface)  <  |J-v(GB)  <  |I^(Lattice) 
|j,S‘‘r(v=7kV)  <  |I^“'’(V=0) 


Fig.  14  Schematic  of  the  possible  influence  of  an  electric  charge  produced  by  an 
external  electric  field  on  vacancy  migration  from  the  interior  of  the 
specimen  to  the  surface  thereby  influencing  quench  aging. 
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Schematic  of  the  experimental  arrangement  for  investigating  the  effect 
of  an  externally  applied  electric  field  on  the  quench  hardenability  of 
steels. 
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Fig.  16  Effect  of  an  electric  field  on  the  hardness  of  02  steel  quenched  in  silicone 
oil  at  145'’C:  (a)  the  field  was  applied  during  both  austenitizing  (A)  and 
quenching  (Q)  and  (b)  the  field  was  applied  either  only  during 
austenitizing  (A)  or  only  during  quenching  (B). 
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Fig.  20  EHect  of  electric  field  on  the  CT  diagram  for  WI  steel  derived  from 
cooling  curves  taken  along  the  length  of  the  quenched  specimen. 
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Fig.  22  EfTect  of  polarity  and  magnitude  of  the  electric  field  on  the  maximum 
flow  stress  during  the  superplastic  deformation  of  7475  Al.  Positive 
values  of  tiie  field  are  for  specimen  connected  to  the  positive  terminal  of 
the  power  supply,  negative  values  for  the  specimen  connected  to  the 
negative  terminm. 
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Fig.  23  Effect  of  polarity  magnitude  of  the  electric  field  on  the  volume 
r 'P7475  AI  superplastically  deformed  to  a  true  strain 
'  at  516  C.  Positive  values  of  the  field  are  for  specimen  connected  to 
the  positive  terminal  of  the  power  supply,  negative  values  for  the 
specimen  connected  to  the  negative  terminal. 
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Fig.  24  Change  in  grain  size  resulting  from  the  superplastic  deformation  of 
7475  A1  (compared  to  heating  alone)  as  a  function  of  electric  field.  □  £  = 
0;  ■  E  2  kV/cm. 
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Fig.  25  Effect  of  an  electric  field  of  2  kV/cm  on  the  size  of  the  dispersoid-free  zone 
(DFZ)  during  supeiplastic  deformation  of  7475  Al:  (a)  mean  DFZ  width 
S  VB  plastic  strain;  vb)  ratio  of  mean  width  S  to  mean  spacing  L  vs  plastic 
strain.  O,  E  »  0;  •  E  =  2  kV/cm. 
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26  Influence  of  an  electric  field  of  2  kV/cna  on  the  number  of  cavities  per 
umt  ^ea  located  along  grain  boundaries  compared  to  those  at 
inclusions  for  superplastic  deformation  of  7475  A1  to  a  true  strain  of  0.7. 
The  values  of  the  volume  fraction  fy  and  the  average  radius  r  of  all 
cavities  present  are  also  given. 


,h^  fracture  surfaeae  of  7475  A1  deformed: 
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Fig.  28  Effect  of  electric  field  on  the  temperature  dependence  of  the  activation 
energy  for  the  superplastic  deformation  in  7475  Al.  Also  included  are 
values  calculated  from  data  by  Rao  and  Mukheijee  [461. 
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Fig.  29  Schematic  of  possible  mechanism  for  the  effect  of  an  electric  field  on  the 
superplastic  deformation  of  7475  Al. 
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